We report on dual-gate reflectometry in a metaloxide-semiconductor double-gate silicon transistor operating at low temperature as a double quantum dot device. The reflectometry setup consists of two radio-frequency resonators respectively connected to the two gate electrodes. By simultaneously measuring their dispersive responses, we obtain the complete charge stability diagram of the device. Electron transitions between the two quantum dots and between each quantum dot and either the source or the drain contact are detected through phase shifts in the reflected radio-frequency signals. At finite bias, reflectometry allows probing charge transitions to excited quantum-dot states, * To whom correspondence should be addressed † Université thereby enabling direct access to the energy level spectra of the quantum dots. Interestingly, we find that in the presence of electron transport across the two dots the reflectometry signatures of interdot transitions display a dip-peak structure containing quantitative information on the charge relaxation rates in the double quantum dot.
Integration of charge sensors for the readout of quantum bits (qubits) is one of the necessary ingredients for the realization of scalable semiconductor quantum computers. 1 In most qubits developed so far in silicon, like electron or nuclear spins in quantum dots and single atoms, 2-4 charge 5 or hybrid spin-charge states, 6 qubit readout has been performed with the aid of quantum point contacts (QPCs) or single-electron transistors (SETs). These charge-sensitive devices, however, involve a significant overhead in terms of gates and contact leads, posing an issue for scalability towards many-qubit architectures. Gate-coupled radio-frequency (RF) reflectome-try [7] [8] [9] has been recently proposed as an alternative approach to qubit readout. In this technique, the charge sensing required to sense the qubit state is accomplished by measuring the dispersive response of an electromagnetic RF resonator connected to one of the qubit gates and excited at its resonance frequency. The absence of local charge sensors simplifies the qubit physical layer 1 and allows for a tighter qubit pitch. Further, the RF resonator can be a microscopic circuit shared by many qubits through frequency multiplexing. 10 Before its first implementation in a gate-coupled geometry, 7 RF reflectometry has been (and still is) applied to increase the readout bandwidth and sensitivity of electrometers such as QPCs, SETs or Cooper-pair transistors. [11] [12] [13] [14] Also, it has been used to discern remote charge traps in the polysilicon gate stack 15 or in the channel 16 of silicon nanowire field-effect transistors (FETs). Gate-coupled reflectometry has been shown 9 to achieve bandwidths and sensitivities comparable to those of on-chip charge detectors. Combined with spin-to-charge conversion processes, 17 it has allowed detecting spin-related effects in double quantum dots (DQDs). [18] [19] [20] [21] In a recent experiment, gate reflectometry has also been used to reveal coherent charge oscillations in a silicon DQD 22 and measure coherence times of the order of 100 ps, consistent with those found in an earlier study based on DC transport. 23 Here we apply gate reflectometry to investigate the electronic properties of a silicon DQD. Besides probing the full charge stability diagram at equilibrium (i.e. zero drain-source bias voltage V ds ), we shall present reflectometry measurements at finite V ds , where we will show that i) gate reflectometry allows probing excited quantum dot levels (even when the DC current is too small to be measured), and ii) the dispersive response of a resonator is strongly influenced by the conductive regime of the DQD and the associated charge relaxation rate. Measurements are carried out on double-gate silicon nanowire FETs fabricated on a 300-mm, silicon-on-insulator (SOI) wafer using an industrystandard complementary metal oxide semiconductor (CMOS) processing facility. Device fabrication relies entirely on deep ultra-violet lithography except for one step, based on electron-beam lithography and used in the definition of the two gates, whose spacing is well below optical resolution. 24 Fig. 1a) shows a false color scanning electron micrograph of a typical device. Transistors present a silicon channel thickness t Si = 11 nm and width W Si = 15 nm, whereas gates, denoted as G 1 and G 2 , are patterned with a length L g = 35 nm and a spacing S gg = 35 nm. At low temperature, the two gates are employed in accumulation mode to define two electron quantum dots in series. DC charge transport measurements are performed by grounding the source electrode, S, and connecting the drain contact, D, to a transimpedance amplifier with adjustable reference potential. Two lumped-element resonators, S 1 and S 2 , are connected to G 1 and G 2 , respectively. Each resonator is composed of a surface-mount inductor (nominal inductances: L 1 = 270 nH and L 2 = 390 nH for S 1 and S 2 , respectively) and the parasitic capacitance C p at the corresponding gate [7] [8] [9] 25 [see Fig. 1b) ]. The resulting resonance frequencies are f 0 = 335 MHz, respectively. Unlike drain-based reflectometry, where the LC circuit provides impedance-matching conditions for the source-drain resistance of the charge sensor (SET or QPC), here the purpose of the inductor along with its parasitic capacitance is to provide a resonant network sensitive to small changes in the load capacitance (in this case the total capacitance seen by the gate). The dispersive responses of S 1 and S 2 are simultaneously recorded using homodyne detection on the reflected RF signals. A circuit representation of the DQD system is shown in Fig. 1c) . We label the quantum dot accumulated below G 1 (G 2 ) as "dot 1" ("dot 2"). The electrostatic influence of gate j on dot i (i, j = 1, 2) is mediated by a capacitance C i j . The DQD is electrically connected to the S and D reservoirs via tunnel barriers with characteristic tunnel rates Γ L and Γ R , respectively. We operate the device in a regime where k B T e 2t < ∆, with k B is the Boltzmann constant, T e ∼ 300 mK is the electron temperature, t the interdot tunnel coupling and ∆ is the mean level spacing in each dot [typical range in our devices is from ∼ 0.1 to few meV, 26, 27 consistently with Figs. 2d) and 4h)]. Resonator S 1 (S 2 ) is sensitive through G 1 (G 2 ) to changes in the quantum admittance of the DQD system. 28 More precisely, an electron tunneling between two dots or between a dot and a reservoir gives rise to a small capacitance C j diff seen by the resonator S j in addition to the geometric capacitances of Fig. 1c ). The differential capacitance of a dot coupled to gate j is C
e is the electron charge, α j is the lever-arm to convert the gate voltage V G j into energy and ν is the average excess charge flowing through the dot. If the charge dynamics is faster than the probing frequency f
0 of resonator S j , the reflected signal experiences a phase variation δ Θ j ∝ −C j diff , 14 hence non zero in correspondance of the charge transitions. Let's now define the formalism for an isolated DQD. No charges are given to or removed from the reservoirs but a single electron can be switched between the two dots, corresponding to an excess electron in either dot 1 or dot 2. Interdot dynamics between the localized states |1 and |2 , respectively of dot 1 and dot 2, is described by the Hamiltonian H = (ε/2)σ z + tσ x : ε is the detuning parameter, i.e. the misalignement between chemical potentials of the two dots in the limit of vanishing interdot coupling t, and σ z,x are Pauli matrices. The eigenstates of such two-level system are
where tan θ = 2t/ε and |ψ − , |ψ + correspond to the bonding and antibonding molecular states expressed in terms of the localized states |1 and |2 . The two eigenvalues, basically the states of a charge qubit, are E ± = ± ε 2 + (2t) 2 /2. For small excitations applied by gate j to dot i, i.e. δV G j 2t/eα i j (see Supporting Information), the differential capacitance for resonator S j reads 22
with P d = P − − P + the difference between the occupation probabilities of |ψ − and |ψ + ; β j ≡ −e(α 1 j − α 2 j ) is the detuning lever-arm factor for gate j. The first term of Eq. (3), called tunnel capacitance, counts for transitions whose occupation probabilities P − and P + depend on the detuning, whereas the second one, named quantum capacitance, is related to band curvature ∂ 2 E ± /∂ ε 2 . 14 We now present our experimental results. Fig. 2 contains a representative set of stability diagrams measured by gate reflectometry. Panels a) and b) display color maps of the phase responses δ Θ 1 and δ Θ 2 obtained from S 1 and S 2 , respectively. These two data sets have been simultaneously recorded for the same range of gate voltages V G1 and V G2 at V ds = 0. Denoted the electron number in dot 1 and dot 2 as M and N respectively, dot-lead charge N) ) are detected primarily by resonator S1 (S2). Interdot transitions (M + 1, N) ↔ (M, N + 1) in principle could be equally sensed by both S1 and S2; in the case of Fig. 2 , however, they happen to be clearly visible only in the δ Θ 2 phase plot. Interdot lines can also be found in δ Θ 1 signal in other regions of the stability diagram (not shown). Such behavior is probably related to the fact that the two quantum dots are not precisely positioned under the respective gates, and that their exact location changes with the electron filling of the channel. Panel c) is simply the superposition of a) and b). It clearly shows that the two RF resonators together allow detecting all charge boundaries in the stability diagram. In the rest of the paper we will always show the most representative dispersive signal between δ Θ 1 and δ Θ 2 . Let us now focus on interdot charge transitions. Since h f ( j) 0 < 2t (h is Planck's constant), interdot tunneling is adiabatic and C diff is dominated by the quantum capacitance associated to |ψ − , leading to a negative phase shift, i.e. a dip in the dispersive signal. 21 This result is expected at equilibrium, where the DQD lies in its ground state |ψ − . Out of equilibrium, a non negligible probability of occupying the excited state |ψ + , which gives a positive phase shift, can qualitatively change the dispersive response. For instance, Ref. 22 reports a strongly driven two-level system (i.e. h f > 2t) in which non-adiabatic transitions between |ψ − and |ψ + result in a Landau-Zener-Stückelberg interference pattern with both negative and positive phase shifts in the reflected signal. Indeed Eq. (3) holds also for DQDs out of equilibrium as long as the resonators sense the stationary occupation propabilities of the DQD states. In the following, we investigate the out-of-equilibrium regime resulting from a finite V ds . At positive detuning the excited state |ψ + is populated in the process of charge tunneling from the source reservoir. Fig. 2d) shows the phase response on S 2 in a conducting regime of the DQD at V ds = 5.75 mV. The first thing we learn from this measurement is that, similarly to current transport, gate dispersive readout can detect excited-state transitions. These transitions, denoted by green arrows, form a set of lines running parallel to the base of the triangular regions, which corresponds to ground-state tunnel events. 29 Given the sign of the applied bias voltage, electrons flow from dot 1 to dot 2. As a result, the observed lines correspond to excited states of dot 2. On the other hand, the line denoted by a blue arrow, running parallel to the almost horizontal edge of the upper triangle is associated with an excitation in dot 1 occurring during tunneling from the source contact to dot 1. We remark that the demonstrated use of gate reflectometry as a tool for energy-level spectroscopy could be extrapolated to DQDs with extremely weak coupling to the source and drain reservoirs, where the more standard transport-based spectroscopy is hindered by unmeasurably small current levels. Fig. 2d ) bares a second important message. All inter-dot transitions display a clear peak-dip structure. This is revealed by a measurement of the phase response as a function of the detuning ε, see the δ Θ 2 (ε) trace in the inset to Fig. 2d) corresponding to a line cut along the black solid line. To understand the physical origin of the observed peak-dip structures we focus on the charge transport regime involving the ground states of both dots, corresponding to a regime around ε = 0. We initially derive a set of master equations for the occupation probabilities of the DQD states. At positive V ds , electron transport involves cyclic transitions in the charge states of the DQD, notably
for the lower triangular region of Fig. 3a) , and , N) ) for the upper one. For the sake of simplicity, let us consider only the first of these two options. These corresponding charge states can be mapped onto the "molecular" basis states {|0 , |ψ − , |ψ + }, where |0 refers to the (M, N) In the hybridization region |ε| < 2t the E ± band curvature is maximized: resonators are sensitive to elastic and inelastic charge transfers. In the far detuned limit ε > 2t, |ψ − and |ψ + are more localized, hence well approximated by single dot states |1 and |2 : inelastic transitions are weakly sensed due to the lack of band curvature. c), d), e) Occupation probabilities of the ground (P − ), excited (P + ) and empty (P 0 ) configuration of the DQD from Eq. charge configuration. The rate equations for the corresponding occupation probabilities are: 30
with P 0 + P − + P + = 1, ζ ≡ cos 2 (θ /2) and γ the inelastic interdot tunnel rate [in other words, the relaxation rate between the energy levels E ± of the charge qubit, see Fig. 3b) ]. The stationary occupation probabilities P 0 , P − , P + depend on the dot-lead rates Γ L , Γ R and the elastic and inelastic interdot rates, respectively t and γ. In particular, γ has to be seen as an average rate over the sensitivity region of the resonators around ε = 0. Once estimated P + and P − from Eq. (4), the resulting phase response δ Θ is computed by Eq. (3).
To perform the simulations of Figs. 3c), d) and e) we assume from the device symmetry the access barriers Γ L , Γ R differ from one other by one order of magnitude at maximum; in particular, we notice that Γ L does not significantly influence the δ Θ lineshape, whereas Γ R rules the height of the whole phase resonance. The excited state |ψ + originates the peak side of the dip-peak structure when Γ R > γ. Finally, the full width at half maximum (FWHM) of the dip is found to be ∼ 2t when dip and peak are both present and ∼ 2.5t for a dip-only resonance. Under these costraints, the asymmetry between the dip and peak amplitudes is set mostly by γ/t, as displayed in Figs. 3c), d ) and e). In absence of energy relaxation (γ = 0, panel c)), charge transport makes |ψ − mainly occupied for ε < 0 and |ψ + mainly occupied for ε > 0. Equal occupation probabilities are found for ε = 0. Since E − (ε) and E + (ε) have exactly opposite curvatures, the dispersive response δ Θ(ε) is characterized by a dip-peak structure with equally strong peak and dip components, as shown in the bottom panel of Fig. 3c ). In presence of energy relaxation (γ > 0), the average probability to be at energy E + for positive detuning decreases, resulting in a reduced amplitude of the positive δ Θ component (see bottom panel of Fig. 3d) ). Finally, for a strong energy relaxation rate (γ t), the DQD is predominantly in the |ψ − state for any detuning, and the dispersive response exhibits only a dip in δ Θ, as shown in Fig. 3e ). Fig. 4 provides an experimental demonstration of the three regimes of Figs. 3c), d ) and e). Line cuts are taken from the dispersive maps away from the triple points to avoid thermal broadening effects from the leads, and then are fitted to Eq. (3). Panel a) shows a transport measurement with a pair of bias triangles in which the inelastic current is barely visible, indicating a slow relaxation rate. In the corresponding reflectometry signal, presented in panel b), the overlapping bases of the triangles appear with a pronounced dip-peak structure. Data along the dashed line are displayed in panel c) revealing that peak and dip have almost identical amplitudes, as expected for γ/t 1. From the FWHM of the dip, t = 40 µeV. Given the assumptions above, the phase trace is fitted with fairly good agreement, yielding γ = 2 ± 1 µeV, thus γ/t ≈ 1/20. The intermediate regime, where energy relaxation starts to be important, is observed on a different pair of bias triangles, where the inelastic current is small but clearly visible, as shown in panel d). A dip-peak structure is still visible in the corresponding reflectometry signal [see panel e) and line cut in panel d)], but the peak component is now weaker, as expected from a non negligible energy relaxation. For t = 90 µeV, the fit to Eq. (3) results again in a good agreement, yielding γ/t = 0.08 ± 0.02. The strong relaxation regime is observed on a third pair of bias triangles. The transport data in panel g) show a pronounced inelastic current. The (positive) peak component has completely disappeared from the phase response leaving only a dip structure. In fact, two dip structures are seen in panels h) and j). They correspond to different orbital levels of dot 2. Given t = 35 µeV, the fit gives γ/t = 3.0 ± 0.3, consistent with the observation of strong energy relaxation. Referring back to Fig. 2d) , we note that our fitting procedure is also applicable to interdot transitions to excited states, which potentially allows to correlate the dominant tunnel processes (elastic or inelastic) with the orbital character of the wave functions involved. 31 To complete the discussion, the time scales to obtain coherent oscillations between the states of a DQD out of equilibrium can be found in Supplemental Material. In summary, we have studied silicon double quan-tum dots by means of a dual RF gate reflectometry setup. Two resonators operate in-parallel as independent charge transfer detectors. Such dispersive readout technique enables the mapping of DQD charge stability diagrams both at zero and finite bias voltage. For a net source-drain current across the DQD, the dispersive response is sensitive to charge relaxation between double-dot molecular states; by taking into account transport rate equations, we fit the reflected phase signal to extract the interdot tunnel coupling and the charge relaxation rate. Ref. 32 and a recent proposal about Si/SiGe DQD dispersive readout by a superconducting microwave resonator 31 testify the relevance of dispersive sensing of level structure and interdot coupling rates of DQDs, e.g. for metrology 33 and quantum information. Indeed, by expedients like frequency multiplexing 10, 34 and use of specific RF cryo-electronics, 35 multi-gate reflectometry may represent a viable technique for scalable singleshot readout of quantum dot arrays. 36 Supporting Information Available: RF modulation amplitudes analysis and discussion on possible regimes to realize coherent oscillations. This material is available free of charge via the Internet at http://pubs.acs.org/. 
